The thermal relaxation behavior of residual stress and microstructure at elevated temperatures in S30432 austenite steel after shot peening was investigated by X-ray residual stress analyzer. The effect of the exposure time and the applied temperature on the residual stress and microstructure relaxation was particularly analyzed and discussed. A significant decrease of the residual stress values and peak breadth was observed in the first period of exposure time, followed by slowing down and then stabilization. It was also observed that a higher applied temperature produced greater relaxation. The relaxation behavior could be described by ZenerWertAvrami function. The thermal stability of microstructure was higher than that of the residual stress. Both of the activation enthalpy of residual stress and microstructure relaxation were higher than that of iron self-diffusion in £-Fe.
Introduction
S30432 austenite steel, developed on the basis of TP304H austenite steel, is extensively used as the super-heater tubes in critical and super critical power plants, due to its superior mechanical properties at elevated temperature. 1) Comparing to TP304H, strengthen elements such as Cu, Nb, N, B were added into S30432 steel, and meanwhile the content of Mn and Si were reduced. Subsequently, during the aging treatment, not only the Nb(C, N) phase but also Cu-rich phase precipitates in the matrix, which greatly increase the creep rupture strength.
2) However, the excessive steam-side oxidization of the super-heater and subsequent exfoliation of iron-based oxides often cause unexpected tubes failure.
3) It is therefore of interest to apply a mechanical surface treatment to enhance their oxidization resistance.
Shot peening is a widely used surface treatment, which could improve the surface-related properties such as fatigue, stress corrosion, due to the compressive residual stress and refined microstructure in near surface layer after shot peening. 4, 5) Recently, it has been reported 6) that shot peening has a profound effect on improving the overall oxidization resistance of S30432 in steam. The compressive residual stress and refined micro-structure play an important role for it. 7) After the shot peening treatment, grain boundary, microstrain and other defects are increased. These defects provide a rapid and short-circuit paths for diffusion at elevated temperature. And the higher the density of the short circuit diffusion paths at the free surface, the more likely it will be to rapidly diffuse beneficial solute atoms to the surface and create protective oxide layers. 810) Besides, compressive residual stress generated in the near surface region (typically a few hundred micrometers in depth) can suppress crack initiation and crack growth, 11) which results in delayed crack initiation and retards oxidized scales to exfoliate. However, the compressive residual stress and microstructure relax significantly at elevated temperature. It could greatly influence the shot peening effect. Therefore, understanding the relaxation behavior of residual stress and microstructure is crucial for S30432 to improve the oxidization resistance by shot peening.
In order to investigate the relaxation behavior, in this report, relaxation at different elevated temperatures has been investigated. And the mechanical relaxation of the shot peened S30432 has been discussed in details.
Experimental
S30432 austenite steel used in this study was supplied by Shanghai Bao Steel Corporation with a nominal chemical composition of 0.07 C, 0.3 Si, 0.5 Mn, 0.045 P, 0.03 S, 10.5 Ni, 19.0 Cr, 0.8 Nb, 2.5 Cu, 0.05 N and the rest Fe (all in mass%). The samples were cut into 60 mm © 10 mm © 3 mm. The shot peening was performed by an air blasting machine (Carthing Machinery Company, Shanghai). It was carried out by multistep shot peening with different intensities. The first and second shot peening was with average diameter of 0.6 mm stainless cut shots, the third was with 0.3 mm ceramic balls. The diameter of peening nozzle was 15 mm, and the distance between the nozzle and the sample was 100 mm. The coverage of shot peening was 100% in each step. Other shot peening conditions were given as follow: 0.5 + 0.2 + 0.55 MPa of jet pressure, 30 + 30 + 15 s of shot peening time. The intensity of shot peening was measured by the arc height of Almen specimen (A type), which was influenced by the jet pressure of nozzle, peening time and average diameter of shot balls. Under above shot peening conditions, the arc height of Almen specimen was 0.46 + 0.23 + 0.17 mmA in this report.
After shot peening, isothermal annealing treatments were carried out at 600, 650, 700 and 750°C, respectively. The annealing times were from 4 to 120 min. While annealing, the samples were covered in the alumina powders for a homogeneous thermal environment. The residual stress and integral breadth of £-Fe (311) at the surface were measured by the X-ray stress analyzer (LXRD, Canada) with Mn-K ¡ radiation, voltage of 30 kV, current 25 mA on the same zones of samples after the samples cooling from high temperatures to room temperature.
Besides, the micro-hardness distribution with different annealing time was measured by a Digital Micro-hardness Tester (DHV-1000, Beijing) with experimental force of 2.94 N and 15 s loading time.
Results and Discussion

Compressive residual stress relaxation
As the S30432 austenite steel is applied in high temperature environment, the shot peened samples were exposed to 600, 650, 700 and 750°C for isothermal annealing. During the process, the residual stress relaxation was observed. As shown in Fig. 1 , it can be seen that the relaxation depends on both annealing time and temperature. Before annealing the compressive residual stress values were ¹808 MPa at the surface for all samples. With the annealing time prolonged, it began to relax and the fast rate of thermal relaxation took place in the initial stage for all four annealing temperatures, which is according with previous reports. 12, 13) After annealing at 600, 650, 700 and 750°C for 120 min respectively, the compressive residual stresses were relaxed to ¹122, ¹80, ¹64 and ¹49 MPa. In this temperature range, surface compressive residual stresses greatly relaxed after 2 h.
Time and temperature effect on residual stress relaxation during annealing is controlled by thermally activated process which can be described by a ZenerWertAvrami function 14, 15) 
In eqs. (1) and (2) · RS T ;t is the residual stress under temperature T and time t, · RS o is the initial residual stress. m is a numerical parameter that depends on the dominant relaxation mechanism. A is a function of materials and temperature. B RS is the material constant, ¬ is the Boltzmann constant, ÁH RS is the activation enthalpy for the relaxation process. Using eqs. (1)(2) and the data in Fig. 1 , the coefficients m is about 0.49 and the activation enthalpy of the relaxation process is 2.97 eV obtained through regression analysis.
Peak breadth relaxation
During the shot peening process, a large amount of high velocity hard balls impact on the surface. Consequently, characteristic structural changes occur during the deformation. It is known that the structural peak breadth is determined by the sample's microstructure such as domain size, micro-strain, the dislocation density, plane default 16, 17) These defects could provide a rapid and short-circuit paths for diffusion at elevated temperature. For S30432 stainless steel, improved oxidization can be attributed to the rapid diffusion of chromium from the internal to the surface and form a continuous chromic oxide layer, which greatly reduce the outward diffusion of iron and minimize the formation of iron-based scales that exfoliate.
Qualitative indications as to the relaxation behavior of microstructure on annealing can be obtained directly from measurements of the peak breadth of X-ray diffraction pattern. 18) Figure 2 is the structurally breadth of the samples calculated through the Gaussian method.
19) It can be seen that the breadth after shot peening reached 6.7°. In the annealing process, it decreased as the annealing time prolonged. And a large portion of breadth relaxed at the first stage of 30 min then the change rates became gently. By comparison, when samples exposed to 600, 650, 700 and 750°C for 2 h, about 37, 52, 57 and 62% peak breadth are relaxed, respectively.
The temperature dependence of the relaxation of peak breadth is analogous to that of residual tresses. ZenerWert Avrami function has been used to describe the temperature dependence of the peak breadth relaxation by substituting · RS T ;t =· RS o ratio to ¢ T ;t =¢ o in eq. (1). 12) Using the regression analysis, Fig. 3 is a plot of log(ln(¢ o /¢ T,t )) as a function of log t for a constant annealing temperature T.
During the dynamic process of structural breadth thermal relaxation at 600, 650, 700 and 750°C the measured data is fitted by straight lines with an identical slope of m = 0.69. By regression analysis, the activation enthalpy for the relaxation process is 3.68 eV.
Micro-hardness
Micro-hardness could effectively improved by shot peening due to the reduced grain size and high density of dislocation. During the annealing process, the grain size increased and the dislocation density decreased. Microhardness measurements indicated a significant decrease in the surface. Figure 4 shows the variations of surface microhardness with different annealing time at different temperatures. Hardness values decreased rapidly at the first period of exposure time, followed by slowing down and then stabilization. This can ascribe to the decrease of dislocation density. In the annealing process, 49, 57, 56 and 60% of the micro-hardness values were reduced after annealing 120 min at 600, 650, 700 and 750°C respectively.
After shot peening,deformation energy is stored in the materials mainly in the form of dislocations. Relaxation of residual stress and microstructure both are related to the movement of dislocation. It is known that the deformation energy is released in three main processes, those of recovery, re-crystallization, and grain coarsening. 20) The formation of a new grain structure in a deformed material by the formation and migration of high angle grain boundaries is driven by the stored energy of deformation and is mainly related with the microstructure relaxation. And its movement requires more energy. Recovery can be defined as all annealing processes in deformed materials that occur without the migration of a high angle grain boundary, which is mainly related with the residual stress relaxation. Therefore, it is easy for residual stress to relaxation than the relaxation of microstructure.
In the high temperature, the Nb(C, N) and Cu-rich phase particles precipitate in the matrix of S30432 and impede the dislocation movement. 21) The results showed that the activation enthalpy of residual stress relaxation was smaller than the one of peak breadth relaxation. Since the movement of dislocation is adequate for residual stress relaxation, while for the decrease of peak breadth, dislocation annihilation or rearrangement is necessary. The activation enthalpies of both the residual stresses relaxation and the peak breadth decrease are larger than the self diffusion activation enthalpy of iron in £-Fe (2.86 eV). 22) This is because of the hindrance of precipitates on the movement of dislocation. The higher activation enthalpy of the shot peened condition for residual stress relaxation and peak breadth decrease indicates that the relaxation mechanism may be controlled by thermally activated gliding of dislocations. 23) At the temperature of 700 and 750°C, the re-crystallization and grain growth are more rapidly. Therefore, residual stresses and dislocation density in the deformation layer are reduced significantly. The dislocation density rapidly becomes smaller values as a result of the growth of the new grains. This led to small peak breadth and almost completely removal of macroscopic compressive residual stress. In the annealing process, the micro-hardness results are agreement with the residual stress state and microstructure variation.
Conclusion
The thermal relaxation of the residual stress state and microstructure in the shot peened layer on S30432 austenite steel has been investigated. The results showed that the residual stress and micro-structure represented by peak breadth relaxed dramatically at the initial stage. Higher annealing temperature and longer annealing time resulted in a larger relaxation of residual stress and micro-structure. The relaxation behavior was analyzed by ZenerWertAvrami function. The results showed that the activation enthalpy of microstructure relaxation was higher than the one of residual stresses relaxation, and both were higher than the enthalpy of self diffusion of iron. The enthalpies of the residual stress and micro-structure relaxation were increased by the hindrance of the precipitates on the dislocations movements. Fig. 3 The influence of annealing time on (311) structural peak breadth in log(ln(¢ o /¢ T,t ))lg t diagram. 
